ABSTRACT Objectives Oesophageal squamous cell carcinoma (OSCC) is an aggressive malignancy and the major histological subtype of oesophageal cancer. Although recent large-scale genomic analysis has improved the description of the genetic abnormalities of OSCC, few targetable genomic lesions have been identified, and no molecular therapy is available. This study aims to identify druggable candidates in this tumour. Design High-throughput small-molecule inhibitor screening was performed to identify potent anti-OSCC compounds. Whole-transcriptome sequencing (RNA-Seq) and chromatin immunoprecipitation sequencing (ChIPSeq) were conducted to decipher the mechanisms of action of CDK7 inhibition in OSCC. A variety of in vitro and in vivo cellular assays were performed to determine the effects of candidate genes on OSCC malignant phenotypes.
INTRODUCTION
Oesophageal squamous cell carcinoma (OSCC) is one of the most common and aggressive GI malignancies. 1 2 Due to a lack of understanding of the molecular basis and limited treatment options, the prognosis for patients with OSCC has not improved for decades. 3 Recently, researchers, including ourselves, have determined the genomic landscape of OSCC and identified a number of driver events; however, genetic alterations of drug targets are infrequent in patients with OSCC, except those affecting PIK3CA and FGFR1. [4] [5] [6] [7] [8] Clearly, alternative molecular approaches are needed to further elucidate the pathogenesis of
Significance of this study
What is already known on this subject?
▸ The genomic landscape of oesophageal squamous cell carcinoma (OSCC) has been established; however, genetic alterations of actionable targets are infrequent in this malignancy. ▸ Super-enhancers (SEs) recruit an exceptionally large number of transcription factors/cofactors, and they differ from typical enhancers in size, transcription factor density and ability to induce transcription. ▸ SEs are found to be associated with key lineage-specific master regulators in normal somatic cells as well as with a few critical oncogenes in several types of tumour cells.
What are the new findings?
▸ The SE landscape is established in OSCC cells, and many SE-associated, squamous-specific master regulators and novel oncogenic transcripts are identified. ▸ Targeting SE-associated transcription activation by a small-molecule CDK7 inhibitor, THZ1, shows powerful antineoplastic properties against OSCC cells. ▸ PAK4 is an SE-associated candidate drug target in OSCC.
How might it impact on clinical practice in the foreseeable future?
▸ Through characterising the transcriptional abnormalities in OSCC, our study suggests that targeting transcriptional activation programme rather than specific genomic lesions might provide better efficacy in the clinical management of solid tumours with highly complex genomes, such as OSCC. ▸ This work may help establish the potential therapeutic merit of targeting SE-associated oncogenic transcription programme through a small-molecule CDK7 inhibitor, THZ1, for the treatment of patients with OSCC. For numbered affiliations see end of article.
OSCC for developing more innovative and effective regimens. Transcription factors and cofactors interact with enhancers to control specific gene expression programmes, which are fundamental to cell biology. Recently, a special group of enhancers, termed super-enhancers (SEs), 9 10 have been identified in many cell types. SEs recruit an exceptionally large number of transcription factors/cofactors, and they differ from typical enhancers (TEs) in size, transcription factor density and ability to induce transcription. 11 12 SEs are frequently associated with key lineage-specific genes that control cell state and differentiation in normal somatic cells. 13 Interestingly, SEs are also found to drive the expression of a few critical oncogenes in several types of tumour cells, such as STAT3, 10 MYCN, 14 and TAL1. 15 However, little is known regarding whether and how SEs drive the pathogenesis of OSCC. Interestingly, expression of a few SE-associated oncogenes was reported to be particularly vulnerable to transcriptional inhibition, offering a potential cancer targeting approach. 12 16 One of the possible mechanisms is that these SE-associated oncogenes are addicted to continuous active transcription, allowing for selective effects before a global blockade of transcription is achieved.
In this study, we performed high-throughput small-molecule inhibitor screening, and identified THZ1, a newly developed covalent CDK7 inhibitor, 16 as a potent anti-OSCC compound. Interestingly, we observed that low-dose THZ1 treatment elicited selective effects against genes significantly enriched in processes important in cancer biology. We further characterised the SE landscape in OSCC cells and found that THZ1-sensitive transcripts were significantly more frequently associated with SEs. Finally, through integrative analysis of the gene transcription signature and SE features, we established a functional genomic approach to discover novel oncogenes in OSCC.
MATERIALS AND METHODS Human cell lines
KYSE cell line series were provided by Dr Y Shimada (Kyoto University, Japan), and TE-5 and TE-7 cells were provided by Dr Koji Kono (Cancer Science Institute of Singapore, Singapore). KYSE series cell lines were cultured in RPMI-1640 medium; TE-5, TE7 and HEK293T were maintained in Dulbecco's modified Eagle medium. All media were supplemented with 10% fetal bovine serum (Invitrogen, San Diego, California, USA), penicillin (100 U/mL) and streptomycin (100 mg/mL).
Xenograft assays in NOD-SCID gamma mice
Twelve 6-week old, female NOD-SCID gamma (NSG) mice were subcutaneously (s.c.) injected with 1×10 6 KYSE510 cells on their dorsal flanks, with each mouse carrying two explants. After 10-15 days, mice were randomly separated into two groups and treated with either vehicle or the inhibitor. KPT-9274 was administered orally (150 mg/kg, twice daily, 5 days/week), and THZ1 was administered intraperitoneally (i.p.) (10 mg/kg, twice daily). The size of the tumours was measured every 4 days for a total of 4 weeks after treatment. At the end of experiments, mice were euthanised and examined for s.c. xenograft tumour growth. Immunohistochemical (IHC) analysis was performed on 5 mm sections of paraffin-embedded s.c. tumours.
Tumour metastasis assay
Twelve 6-week-old female NSG mice were injected with 1×10 6 KYSE510 cells through the tail vein. Once cancer cells metastasised into the lungs (around 45 days after initial injection), they were randomly separated into two groups and treated with either vehicle or THZ1 (twice daily, 10 mg/kg). At the end of metastasis assays, mice were euthanised and examined. Metastasis nodules in lung tissues were fixed in Bouin''s solution, embedded in paraffin, cut into 5 mm sections and stained with H&E. All of the animal experiments in this study were approved by the Institutional Animal Care and Use Committee (IACUC), National University of Singapore.
High-throughput small-molecule inhibitor screening
Cell lines were screened for sensitivity against a panel of 104 small-molecule inhibitors as previously described. 17 Briefly, cells were exposed to graded concentrations of each drug in 384 well plates with a seeding density of 250 cells per well in 50 μL final volume per well. Each drug was tested across an eight-point, threefold interval dose-response curve (including the no-drug control). After 3 days, relative abundance of viable cells was quantified in each well using a tetrazolium-based MTS assay. All absorbance values from the MTS assay were normalised to the average of 48 wells per plate containing no drug, and these normalised values were used to fit a third-order polynomial curve to each drug dose-response. IC 50 values were interpreted from this curve fit to assess the relative sensitivity of each cell line to each drug.
Chromatin immunoprecipitation sequencing data analysis
Chromatin immunoprecipitation sequencing (ChIP-Seq) reads were aligned to human reference genome (build GRCh37/hg19) using Bowtie Aligner. ChIP-Seq peaks were identified using MACS (Model-Based Analysis of ChIP-seq) by considering reads mapped only once at a given locus. Wiggle files were generated using read pileups for every 50 base pair bins. These wiggle files were normalised in terms of reads per million (rpm) by dividing tag counts in each bin by the total number of reads (in millions, duplicates removed). Wiggle files were converted into bigwig files using wigToBigWig tool (http://hgdownload.cse.ucsc.edu/ admin/exe/) and visualised in Integrative Genomics Viewer (http://www.broadinstitute.org/igv/home). SEs were identified using ROSE (https://bitbucket.org/youngcomputation/rose). Closely spaced peaks (except those within 2 kb of TSS) within a range of 12.5 kb were merged together, followed by the measurement of input and H3K27Ac signals. These merged peaks were ranked by H3K27Ac signal and then classified into SEs or TEs. Both SEs and TEs were assigned to the nearest Ensemble genes. The ChIP sequencing files have been deposited into Gene Expression Omnibus (GSE76861).
Gene set enrichment analysis
Gene set enrichment analysis (GSEA) was performed using GSEA standalone desktop programme. An expression matrix was created containing expression values at zero and 6 h (upon 50 nM THZ1 treatment). All SE-associated genes were used as a 'gene set database'. GSEA was run with parameter 'Metric for ranking genes' set to 'log2_Ratio_of_classes' to calculate enrichment score for SE-associated genes.
RESULTS

High-throughput small-molecule inhibitor screening identified small-molecules with potent anti-OSCC properties
To identify small-molecule inhibitors with antineoplastic effects against OSCC cells in an unbiased manner, we first assembled a focused collection of 104 compounds that had broad targeting coverage of the kinome. 17 18 Four OSCC cell lines were subjected to the high-throughput screen, and IC 50 values were measured. As a result, 23 inhibitors from different families showed significant anticancer effect in at least two cell lines (figure 1A, see online supplementary table S1). Many of the kinase inhibitors previously shown to have anti-OSCC properties in vitro, including those targeting PI3K/AKT/MTOR pathway, 19 20 HSP family 21 22 or RTK, 23 24 also demonstrated potent activities here, validating the methodology of our high-throughput approach (see online supplementary figure S1). As CDK inhibitors have shown promising therapeutic merit in several other types of tumours but are less well-studied in OSCC, we focused on this category of chemicals. To determine whether specific or pan CDK inhibitors were effective, we tested a total of seven compounds targeting different CDKs. Notably, all four cell lines were highly sensitive to THZ1, a new covalent CDK7 inhibitor. In addition, OSCC cells were also sensitive to the treatment with flavopiridol and SNS-032, both of which suppressed CDK7 activity among other targets (figure 1B, see online supplementary figure S2). Doseresponse experiments using a panel of 12 OSCC cells showed that they were highly sensitive to THZ1 treatment, with IC 50 values ranging from 21 to 192 nM (figure 1C). We further depleted CDK7 expression by shRNA-mediated knockdown in TE7 and KYSE510 and confirmed that CDK7 is essential for both the survival and proliferation of OSCC cells (figure 1D, see online supplementary figure S3). As TE7 and KYSE510 cells were among the most sensitive ones to THZ1 treatment, we focused our analysis on these two cell lines in the following studies. 
THZ1 showed powerful antineoplastic properties against OSCC cells
Recent studies showed that THZ1 potently suppressed cell proliferation and tumour growth in four different types of malignancies through inactivation of RNA polymerase II (RNAPII)-mediated transcription initiation and elongation, including small cell lung cancer, 12 neuroblastoma, 14 T cell acute lymphoblastic leukaemia 16 and triple negative breast cancer. 25 To evaluate the antineoplastic properties of THZ1 against OSCC cells, we first performed cell cycle analysis and observed G2/M phase arrest upon THZ1 treatment (see online supplementary figure S4). THZ1 treatment also resulted in profound inhibition of cell proliferation and induction of massive apoptosis ( figure 1E, F) . We subsequently tested the antitumour effects of THZ1 in NSG murine models, where each mouse carried two explants formed by KYSE510 cells. The mice received either vehicle or THZ1 twice daily (10 mg/kg). Strikingly, THZ1 completely suppressed OSCC tumour growth in vivo ( figure 2A-C) . Importantly, no significant loss of body weight (see online supplementary figure S5) or other common toxic effects (e.g., diarrhoea, rash, etc.; data not shown) were observed. IHC analysis confirmed the dramatic decrease of cell proliferation and increase of apoptosis in the xenografts upon THZ1 administration ( figure 2D ).
We performed additional in vivo experiments to investigate further the effect of THZ1 on distal metastasis of OSCC cells. In control group, most mice developed visually observable lung metastatic nodules in 69 days. In contrast, the THZ1-treated mice had no or few tumour nodules in their lungs ( figure 2E, F) . These results demonstrated that THZ1 possessed very strong antineoplastic activities against OSCC cells both in vitro and in vivo.
Global and selective transcription repression by CDK7 inhibition in OSCC cells
We next aimed to understand the mechanisms underlying the cytotoxic effects of THZ1 on OSCC cells. CDK7 regulates transcriptional processing through recognising and phosphorylating the initiation-associated serine 5 (S5) and serine 7 (S7) and elongation-associated serine 2 (S2) of the RNAPII C-terminal domain (RNAPII CTD). 26 27 Indeed, we observed decreased phosphorylation S5, S7 and S2 of RNAPII in both TE7 and KYSE510 cells in a dose-and time-dependent manner after THZ1 treatment (figure 3A). We next examined the effect of CDK7 inhibition on gene expression profile by performing whole-transcriptome sequencing (RNA-Seq) (figure 3B-E, see online supplementary tables S2 and S3). As expected, high-dose THZ1 (200 nM, i.e., complete inhibition of RNAPII) resulted in global downregulation of steady-state mRNA levels at 6 h ( figure 3D, E) . Interestingly, we found that low-dose THZ1 (50 nM, i.e., partial inhibition of RNAPII) elicited downregulation of a group of transcripts in a gene-selective fashion at early time points ( figure 3B, C) . We termed this group (transcripts which decreased over twofold with low-dose treatment at 6 h) 'THZ1-sensitive transcripts'.
Previous studies with other types of THZ1-sensitive cancers found that low-dose THZ1 treatment led to selective inactivation of lineage-specific and oncogenic genes. Based on these finding, we hypothesised that in the context of OSCC, THZ1-sensitive transcripts might not be random but have important biological relevance. Specifically, we speculated that THZ1-sensitive transcripts might consist of a set of oncogenic transcripts or pathways conferring the sensitivity of OSCC cells to low-dose THZ1 treatment. To address this and to analyse comprehensively which sets of genes were particularly sensitive to CDK inhibition, we performed gene ontology (GO) analysis of THZ1-sensitive transcripts. Notably, genes involved in transcription regulation, DNA repair and apoptosis regulation were among the most sensitive to CDK7 inhibition in both OSCC cell lines (figure 3F), highlighting their crucial roles in OSCC biology.
We next asked whether these THZ1-sensitive transcripts were associated with any genomic features. It had been reported that master transcription factors and cofactors which played key roles in cell identity and malignant phenotypes were frequently associated with SEs. Interestingly, in other cancer types, SE-associated transcripts were found to be particularly sensitive to transcriptional perturbation. 9-11 16 Thus, we hypothesised that these THZ1-sensitive transcripts might be driven by SEs and conferred the sensitivity to THZ1 treatment in OSCC. However, SE-associated transcriptional events and their biological relevance in the context of pathogenesis of OSCC remain unknown.
Characterisation of SE landscape in OSCC cells
To characterise SE-associated transcripts in OSCC, we performed ChIP-Seq using the antibody recognising H3K27ac modifications in OSCC cells which were also profiled by RNA-Seq. As a result, we annotated 444 and 855 SE-associated transcripts in TE7 and KYSE510 cell lines, respectively (figure 4A, see online supplementary table S4). Notably, we readily observed that many of these transcripts were lineage-specific transcription factors acting as master regulators of keratinocyte cell differentiation, such as KLF5, 28 TP63 29 and IRF6 30 ( figure  4A,C) . This was concordant with the fact that both of these cell lines are squamous cell type. Furthermore, a number of welldefined OSCC oncogenes were also associated with SEs, such as TP63, 31 (figure 4A, C, see online supplementary figure S6). To determine this enrichment more comprehensively, we performed GO analysis. Importantly, squamous-cell unique biological processes, including epidermis development and keratinocyte differentiation, were highly enriched in both cell lines ( figure 4B ). In addition, genes involved in cancer-related functions such as cell proliferation and apoptosis were also significantly overrepresented in SE-associated transcripts. Moreover, we identified many novel SE-associated transcripts, including both coding and non-coding RNAs, whose functions have not been reported in the setting of OSCC biology. 37 For example, non-coding RNA MIR205HG was associated with one of the biggest SEs in both cells ( figure 4C ). As SEs were reported to drive lineage-specific expression of key transaction factors in somatic cells, we next analysed and found that a number of SE-associated transcripts, such as MIR205HG, IRF6, TP63 and SOX2, showed a lineagespecific expression pattern, with highest expression levels in squamous cell cancers, including OSCC and head/neck squamous carcinoma (figure 4D, see online supplementary figure  S7A, B) . To confirm further this expression pattern, we compared OSCC with oesophageal adenocarcinoma (OA) and found that many SE-associated transcripts identified in our OSCC cells were more highly expressed in the squamous cell type (representative results shown in figure 4D , see online supplementary figure S7). Together, these results suggest that in OSCC cells, SE-associated transcripts contain lineage-specific master regulators and oncogenic transcripts; many of which displayed tissuesspecific expression patterns.
Identification of novel SE-associated oncogenes in OSCC
We next asked whether SE-associated transcripts are disproportionately sensitive to CDK7 inhibition. GSEA for all active genes upon low-dose THZ1 treatment showed that the majority of the genes in the leading edge were SE-associated transcripts, and they were most sensitive to THZ1 treatment ( figure 4E) . Moreover, the abundance of SE-associated transcripts were downregulated to a significantly higher degree upon THZ1 treatment, compared with those associated with TEs (figure 4F, see online supplementary table S5). These results suggested that SE-associated transcripts were particularly sensitive to partial inhibition of transcription, and SE-associated oncogenes might be responsible for the sensitivity of OSCC cells to low-dose THZ1 treatment.
We hypothesised that further in-depth analysis of the expression dynamics of SE-associated transcripts during transcription inhibition might identify novel SE-associated oncogenes in OSCC, as it is reasonable to assume that SE-associated oncogenes would be strongly expressed in OSCC tumours and highly dependent on continuous transcription. Thus, we required that the candidate novel oncogenes be: (i) associated with SEs, (ii) ranked among the top 15% of all actively expressed transcripts in RNA-Seq results and (iii) highly sensitive to low-dose THZ1 treatment at 6 h. As shown in figure 5A , 17 candidate oncogenes were selected. Quantitative PCR results validated their hypersensitivity to transcription inhibition (figure 5B). In sharp contrast, TE-associated genes were either only modestly decreased or remained unaltered upon exposure to THZ1 (see online supplementary figure S8) .
To test their biological functions in OSCC cells, we silenced each one of these transcripts by siRNA-mediated knockdown and performed cell proliferation assay in these two representative cell lines (figure 5C, see online supplementary table S6). As a result, we identified four candidate genes, namely, RUNX1, YAP1, DNAJB1 and PAK4, which contributed to the proliferation of the two OSCC cells ( figure 5D , E, see online supplementary figure S9). We also confirmed that these four proteins were significantly decreased in both cell lines by THZ1 treatment ( figure 5F ). Worthwhile to note, SREBF2 was associated with SEs in KYSE510 but not TE7 cells; and protein and mRNA levels of this gene in KYSE510 cells were consistently highly expressed compared with TE7 cells ( figure 6A) . Importantly, SREBF2 only promoted the growth of KYSE510 but not TE7 cells (figure 5E, see online supplementary figure  S9) , underscoring the ability of our approaches to delineate the connections between expression pattern, SE feature and biological relevance.
To characterise further the biological functions of these five novel candidate oncogenes in OSCC, we measured their protein levels in a panel of 12 OSCC cell lines and identified additional cell lines with high expression of each gene (figure 6A). We next chose additional representative cell lines which expressed candidate genes at high levels for functional assays. Importantly, MTT and colony formation analysis showed that each of these five genes was required for cell proliferation in at least three different OSCC cell lines (figure 6B).
We next determined whether these five SE-associated oncogenes are up-regulated in OSCC specimens compared with nonmalignant oesophageal epithelium. Importantly, IHC staining showed that PAK4, SREBF2 and YAP1 proteins were highly expressed in OSCC tissues but were markedly lower in adjacent normal oesophageal epithelium (figure 6C). We also examined the expression of RUNX1 and DNAJB1 proteins; however, their antibodies failed to generate specific signals in the experiments (data not shown).
Identification of PAK4 as an SE-associated candidate drug target in OSCC
The p21-activated kinases (PAKs) belong to Ser/Thr protein kinase family, which contains six members in humans (PAK1-6). Overexpression of PAK4 has been implicated in cancer progression by activating oncogenic signalling pathways, such as RAF/ MEK/ERK and PI3K/AKT. 38 39 We were particularly interested in this candidate SE-associated kinase as its small-molecule inhibitors were shown to have antineoplastic activity in colon, lung, breast and gastric cancers. 40 41 However, its roles and therapeutic value in OSCC cells are yet to be explored. As mentioned earlier, depletion of the expression of PAK4 by siRNA inhibited OSCC cell proliferation (figures 5E and 6B, see online supplementary figure S9). To examine the therapeutic value of targeting PAK4, we investigated its novel small-molecule, orally available inhibitor named KPT-9274. 42 Dose-response studies using OSCC cells expressing high PAK4 levels found most of them sensitive to the compound, with IC 50 values ranging from 180 to 612 nM (see online supplementary figure S10A). After confirming its on-target effect (figure 6D), we showed that KPT-9274 robustly inhibited cell proliferation and clonogenic growth of OSCC cells (figure 6E, see online supplementary figure S10B). To explore the anti-OSCC effect of KPT-9274 in vivo, NSG mice with KYSE510 xenografts were treated orally with either vehicle or KPT-9274 (150 mg/kg, twice daily, 5 days/ week). Strikingly, after 28 days, KPT-9274 almost completely suppressed the tumour growth in these mice and induced massive apoptosis in the xenografts (figure 6F, see online supplementary figures S10C-E). Importantly, no systemic toxicity was observed during continuous administration for 4 weeks, and the body weight showed no significant change (see online supplementary figure S10F).
DISCUSSION
Developing novel molecular-based targeted therapies is one of the most important strategies to treat highly aggressive cancers such as OSCC. Sadly, we and others have shown that the genomic alterations in OSCC often cause inactivation of tumour suppressor genes rather than activation of druggable oncogenes. 4 6 7 33 In this study, we demonstrated that targeting transcriptional regulation, as opposed to specific genomic lesions, might provide therapeutic value against this malignancy. Based on unbiased high-throughput screening with smallmolecule inhibitors, we identified that OSCC cells displayed exceptional sensitivity to CDK7 inhibition, which was extensively validated by in vitro and in vivo assays. We were initially intrigued by the observations that inhibition of general gene transcription by low-dose THZ1 produced much less cytotoxicity in healthy tissues than in OSCC xenograft (see online supplementary figure S5 ). Recent investigations found that partial transcription inhibition resulted in selective rather than global suppression of those transcripts which were highly dependent on continuous transcription in several types of THZ1-sensitive tumours, but not unresponsive cancers nor nonmalignant cells. 12 14 16 25 We reasoned that the exceptional sensitivity of several OSCC cells to low-dose THZ1 treatment might be conferred by a set of oncogenes which were extremely addicted to transcriptional activation and were thus particularly vulnerable to CDK7 inhibition. Indeed, RNA-seq profiles showed that low-dose THZ1 treatment led to selective inhibition of a number of well-known OSCC oncogenes, many of which are transcriptional factors, such as TP63, 31 Although a set of oncogenes with extreme addiction to RNA Pol-II mediated transcription might explain the sensitivity of OSCC cells to CDK7 inhibition, we still wondered what caused the continuous transcriptional activation of these oncogenes in OSCC cells. To probe the mechanism, we first performed GO analysis and found that THZ1-sensitive transcripts were enriched in processes that regulate gene transcription, DNA repair and cell apoptosis, all of which are critical for cancer biology. As oncogenes involved in these cellular functions have been shown to be associated with SEs in other types of tumours, we hypothesised that SEs might be responsible for the robust transcriptional activation of THZ1-sensitive transcripts in OSCC cells.
Hnisz et al 10 have created a catalogue of SEs for different types of human cells and tissues, OSCC was not investigated. Here, we characterised the SE landscape of OSCC, and identified that SE-associated transcripts are enriched in processes which are exclusive to SCC biology, such as epidermis development and keratinocyte differentiation, as well as cell proliferation and apoptosis. Interestingly, we also discovered some novel SE-associated non-coding mRNAs. For example, MIR205HG was associated with one of the largest SEs in OSCC cells. Expression profiling also supported the uniqueness of this non-coding RNA in SCC.
We reasoned that as both THZ1-sensitive, SE-associated cohort of transcripts contain oncogenic factors important for OSCC malignant phenotype, an integrative interrogation of these two datasets might identify novel candidate oncogenes. Through a series of functional experiments, we showed that 5 out 17 candidate SE-associated genes, namely, RUNX1, YAP1, DNAJB1, PAK4 and SREBF2, were important for the proliferation of OSCC cells. In addition, we confirmed the overexpression of some of these proteins in OSCC compared with non-malignant oesophageal epithelium. Since we only tested the phenotypes of cell proliferation, candidates implicated in other cellular functions such as migration, invasion and epithelialmesenchymal transition might be overlooked and need further investigations to characterise.
Transcription factor RUNX1 is a well-studied differentiation regulator and tumour suppressor in haematopoietic cells. However, its functions in normal and malignant epithelial cells remain obscure and inconclusive. For example, it was reported to promote the proliferation of skin squamous cancer cells 47 48 but inhibit breast cancer cells. 49 Interestingly, RUNX1 gene is frequently deleted in EA and RUNX1 suppressed the proliferation of EA cells. 50 51 In sharp contrast, here we show that RUNX1 is an SE-associated oncogene and promotes cell proliferation in OSCC. These results again underscore the ability of our integrative approaches to discern cell type-specific gene functions.
Similarly, DNAJB1 is poorly studied in human cancers and appears to have seemingly opposite roles. Specifically, as a protein implicated in stimulating the ATPase activity of Hsp70s, investigators showed that DNAJB1 inhibited p53-mediated apoptosis by destabilising PDCD5 in lung cancer. 52 In contrast,
Qi et al 53 found that it could decrease cell proliferation in a p53-dependent manner in breast cancers. Our data revealed that as an SE-associated oncogene, DNAJB1 was highly expressed in OSCC compared with other human cancers (see online supplementary figure S11), and it significantly promoted the growth and proliferation of OSCC cells.
Last, our systematic approach identified a druggable SE-associated oncogene, PAK4. Both in vitro and in vivo experiments confirmed that its small-molecule inhibitor, KPT-9274, dramatically suppressed OSCC cell viability and induced massive apoptosis. These data suggested the potential therapeutic value of targeting PAK4 for clinical management of patients with OSCC.
In aggregate, the current study addressed both basic and translational questions, which are all highly novel and unexplored in the context of OSCC biology. Specifically, our results provide an important molecular foundation to understand the transcriptional landscape of OSCC and a catalogue of novel oncogenic transcripts, both of which are valuable for the OSCC research community. Moreover, our work may help establish the therapeutic merit of targeting SE-associated oncogenic transcription programme for OSCC treatment.
